In patients hospitalized with community-acquired pneumonia (CAP), indicators of clinical instability at discharge (fever, tachycardia, tachypnea, hypotension, hypoxia, decreased oral intake and altered mental status) are associated with poor outcomes. It is not known whether the order of indicator stabilization is associated with outcomes. OBJECTIVES: To describe variation in the sequences, including whether and in what order, indicators of clinical instability resolve among patients hospitalized with CAP, and to assess associations between patterns of stabilization and patient-level outcomes. DESIGN / PARTICIPANTS / MAIN MEASURES: Chart review ascertained whether and when indicators stabilized and other data for 1,326 adult CAP patients in six U.S. academic medical centers. The sequences of indicator stabilization were characterized using sequence analysis and grouped using cluster analysis. Associations between sequence patterns and 30-day mortality, length of stay (LOS), and total costs were modeled using regression analysis. KEY RESULTS: We found 986 unique sequences of indicator stabilization. Sequence analysis identified eight clusters of sequences (patterns) derived by the order or speed in which instabilities resolved or remained at discharge and inpatient mortality. Two of the clusters (56 % of patients) were characterized by almost complete stabilization prior to discharge alive, but differing in the rank orders of four indicators and time to maximum stabilization. Five other clusters (42 % of patients) were characterized by one to three instabilities at discharge with variable orderings of indicator stabilization. In models with fast and almost complete stabilization as the referent, 30-day mortality was lowest in clusters with slow and almost complete stabilization or tachycardia or fever at discharge [OR = 0.73, 95 % CI = (0.28-1.92)], and highest in those with hypoxia with instabilities in mental status or oral intake at discharge [OR = 3.99, 95 % CI = (1.68-9.50)]. CONCLUSIONS: Sequences of clinical instability resolution exhibit great heterogeneity, yet certain sequence patterns may be associated with differences in days to maximum stabilization, mortality, LOS, and hospital costs.
INTRODUCTION
From the work of the Community-Acquired Pneumonia (CAP) Patient Outcomes Research Team (PORT), mortality and readmission of CAP patients after discharge have been known to be associated with seven measures of clinical instability at discharge: fever, tachycardia, tachypnea, hypotension, hypoxia, the inability to maintain oral intake, and failure to return to baseline mental status. [1] [2] [3] [4] [5] [6] Based on this, practice guidelines recommend delaying discharge among patients with continuing clinical instability. 2, 3, 7 While the clinical significance of the number of clinical instabilities at discharge among CAP patients has received attention, 4 ,5 the temporal order in which these instabilities resolve may also be associated with outcomes, but this has not been investigated. 8 If variation in the way instabilities resolve matters in terms of important clinical outcomes, then adjustments to the in-hospital management of CAP patients may be warranted. The prognostic importance of the order of clinical events or interventions has been studied in only a few, very simple, clinical contexts, 9 but has been associated with important outcomes. For example, preexisting congestive heart failure (CHF) predicts higher mortality among patients who develop atrial fibrillation, but preexisting atrial fibrillation does not predict higher mortality among patients who develop CHF. 10 Similarly, sequencing of measles, diphtheria-tetanus-pertussis, and inactivated poliovirus vaccinations predict mortality risk. 11, 12 The number of CAP indicators presents a larger methodological challenge in characterizing and studying the consequences of the sequence of clinical events. However, methods for sequence analysis that can handle a large number of categorically coded events or states are widely used in genomics (e.g., sequences of amino acids) 13, 14 and computational linguistics and computer science (e.g., strings of text), 15 and are increasingly used in the social sciences. 16, 17 These methods typically use optimal matching (OM) algorithms 18 and statistical cluster analysis 19 to find and categorize observed sequences into a smaller number of groups based on degree of similarity, which can then be used as categorical covariates for subsequent analysis. Sequence analysis also often uses graphical depictions of sequences for exploratory analyses. 20 This study uses sequence analysis to describe and categorize patterns in which clinical instabilities resolve in hospitalized CAP patients, and analyzes the association of these sequences with clinical outcomes and resource utilization. 23 The following patients were excluded: HIV positive, history of organ transplant, prior hospitalization within 10 days of presentation, or no chest Xray within 24 h of presentation. Admission and discharge dates were available for all sites except UNM. The study was approved by all sites' Institutional Review Boards.
METHODS

Study Subjects and Study Design
Self-reported health status (excellent-poor), race/ethnicity, and Charlson Comorbidity Index 24 were ascertained during a patient interview conducted by trained research assistants shortly after admission. Symptoms on presentation, indicator stabilization times and dates, radiology and laboratory data were obtained by chart review and used to calculate the Pneumonia Severity Index (PSI) scores. 25 Insurance status (private, Medicare, Medicaid or no insurance), in-hospital mortality, hospitalization costs, and attending physician were obtained from each hospital's administrative databases. Attending physicians were identified as hospitalist or not by the site principal investigators. Statistics on death within 30 days of admission were obtained via linkage to the National Death Index.
Trained abstractors at each site used chart review to obtain data on the date and time (hh:mm) of resolution of each of the following seven instabilities: temperature > 37.8°C (T); heart rate > 100 beats/min (HR); respiratory rate > 24 breaths/min (RR); systolic blood pressure < 90 mm Hg (BP); blood oxygen saturation < 90 % (O2); failure to return to baseline ability to maintain oral intake (OI); and failure to return to baseline mental status (MS). 3 These clinical variables were charted according to the usual standard of care at each participating site. Following PORT criteria, an indicator was deemed stabilized after it had remained stable for 24 h. 6, 26 Days to maximal stability was defined as the number of days from admission to the date that the last indicator was stabilized.
Sequence Characterization and Clustering
We developed a sequence coding scheme based on whether indicators were stabilized, and in what order, with ties treated as a unique event. (Supplementary Table S1 , online, contains further details.) Figure 1 shows sample patterns of indicator stabilization for three patients. Each indicator is assigned a rank ordering of 1 to 7, based on the order of stabilization during the hospital stay, 0 if stable at admission, and 8 or 9 for indicators not stabilized (NS) at the time of discharge alive, and dead (Died), respectively. Patients who had no indicators stabilized (n=30), any missing stabilization data (n=99), or a length of stay (LOS) greater than 30 days (n=6) were excluded from subsequent analyses, yielding 1,326 patients for this study. We conducted a series of comparisons between those excluded and included, which revealed no significant differences in age group, sex, LOS, or PSI. This gave us confidence that exclusion of these subjects would have little to no effect on our findings.
To examine coherence in the large number of sequences of stabilization of the seven indicators, we used an optimal matching (OM) algorithm 27 to generate scores that characterize the dissimilarity between sequences and Ward's clustering method 28 to group sequences into clusters based on these scores. As with the application of these methods to some types of DNA sequencing, 14, 18 the essence of this approach is to define clusters that minimize the number and type of changes (e.g., substitutions, insertions, deletions, etc.) in ranks within each cluster that would be needed to make the sequences the same within that cluster. We used Stata 11 (StataCorp LP, College Station, TX) with the SQ-ADOS sequence analysis routine to perform the regressions and OM, 27 and TraMineR version 1.8-3 with WeightedCluster version 0.9-8 in R to compute cluster quality statistics. 29 Since we sought to identify clusters that were clinically meaningful and similar enough to permit analysis, and because there is no literature on indicator stabilization sequences in CAP, we performed sensitivity analyses examining two to 20 clusters of sequences [Average Silhouette Width (ASW), a summary measure of cluster quality, ranged from 0.11 to 0.26]. 19 Clusters were largely distinguished by which instabilities had stabilized by discharge, the order and speed of stabilization, and in-hospital mortality. We used the eight-cluster (ASW=0.14) solution as an optimal combination of cluster quality (two clusters was best, ASW=0.26), discrimination between types of sequences and patients, and cluster size (all > 30 patients). We gave clusters descriptive labels based on clinical characteristics. Clusters were used as nominal variables in regression models for clinical outcomes.
Analysis
We compared the sample characteristics across sites using ANOVA for continuous variables and Chi-square analysis for categorical variables. To assess variability in stabilization patterns, we plotted the distributions of rank at which each indicator stabilized (e.g., 1st, 2nd, 3rd,…) for the entire sample. In addition to rank order for each of the seven indicators, several sequence-specific statistics were computed for each patient and aggregated by cluster: the number of indicators stable at admission, the number of instabilities at discharge, and the number of days needed to achieve maximum stabilization. In addition, we calculated the average rank of stabilization of each indicator within each cluster (e.g., an indicator could stabilize, on average, 2.4th within one cluster but 4.3th within another). Logistic and generalized linear regression (GLM) models with log link and robust standard errors were used to examine the relationships between 30-day mortality, log transformed LOS, and log transformed total cost as dependent variables, and PSI score, the number of indicators stable at admission, and categorical indicator variables for each cluster as independent variables, controlling for site and patient characteristics.
RESULTS
Characteristics of the study subjects by site are shown in Table 1 . Mean age and percent female varied across sites, from 58.4 to 69.8 years, and 45.8 % to 62.5 %, respectively. The average number of days to maximum stabilization was 3.1 (SD 3.4). The average patient was discharged with 6.3 (SD 0.9) indicators stabilized; 42.9 % of patients were discharged with one or more instabilities. Average LOS was 5.0 (SD 4.3) days and the overall 30-day mortality rate was 8.2 %. The average cost of hospitalization was $9,347 (SD $12,408). Figure 2 depicts the proportional distribution of the rank order of stabilizations for each of the seven indicators, Figure 1 . Basic sequential patterns of stabilization of discharge criteria. This figure shows the graphical scheme used in subsequent figures, with different shades of color assigned to the orders of stabilization, panel A. The rank order of stabilization is shown in a left to right sequence corresponding to the order in which each indicator is stabilized. The order displayed here and in subsequent graphics (BP = blood pressure; MS = return to baseline mental status; OI = ability to feed by oral intake; RR = respiratory rate; T = temperature; HR = heart rate; O2 = Blood oxygen saturation) corresponds to the overall average resolution pattern in our data, so this "baseline" order is adopted for convenience. Several indicators can have the same rank, since multiple indicators can be recorded as stabilized at the same observation point. For example, in panel B, three indicators were stabilized at observation point 1, so they were all ranked "1st." Varying shades of green = stabilized n th or tied for n th . In addition to the instability resolution coding, we added three additional codes to our data and graphical displays: White = Indicator stable at admission; Purple = Indicator not stabilized before discharge; Orange = Patient died in-hospital before indicator stabilized.
remaining instabilities, in-hospital deaths, and indicators already stable at admission for the full sample of patients.
(Supplementary Figure S1 , online, displays this by site.) There were 986 unique stabilization patterns among the 1,326 patients studied. Table 2 shows the 21 patterns with five or more occurrences in the sample, accounting for 197 (14.9 %) of all patients. The most common pattern (n=36) is that of six indicators already stable at admission, with O2 stabilized later at observation point 1. A similar sequence [BP-MS-OI-RR-T-HR-O2] corresponds to the overall average sequence of Figure 2 . Proportional distributions of the rank order of indicator stabilizations (N=1,326). This figure shows the proportional distributions of the rank orders of indicator stabilization as stacked bars, with different shades of color assigned to each order of stabilization. For example, the white bars show that the BP and MS instabilities were most often (73 % and 59 %, respectively) already recorded as stable at admission. The palest green bars show that the OI and O2 instabilities were most often (28 % and 35 %, respectively) resolved first or tied for first in rank order of resolution of all seven instabilities. The darkest green portion of the O2 saturation instability shows that O2 was resolved last (or 7th) for about 13 % of patients, and the purple portion shows that it remained unstable on discharge for about 23 % of patients. White = indicator stable at admission; Varying shades of green = stabilized n th or tied for n th ; Purple = Indicator not stabilized before discharge; Orange = Patient died in-hospital before indicator stabilized. BP = blood pressure; MS = return to baseline mental status; OI = ability to feed by oral intake; RR = respiratory rate; T = temperature; HR = heart rate; O2 = Blood oxygen saturation.
resolution, calculated using the average of ranks for all patients. However, patients exhibited great heterogeneity in resolution, with only 35.9 % of patients sharing the same sequence with at least one other patient.
Results of the cluster analysis allow us to further examine patterns among the sequences. (Sequence index plots for all eight clusters are in Supplementary Figure S2 , online.) Two clusters (Stabilized Fast, Stabilized Slow) accounted for 56 % of patients, and were characterized by complete or almost complete stabilization prior to discharge alive, differing in the rank orders of RR, T, HR, and O2 and time to maximum stabilization (Table 3) . Patients in both of these clusters were close to the overall sample average distributions of age, gender, PSI score, and Charlson Index. Five of the clusters, capturing 42 % of patients (Tachycardic, Febrile, Hypoxic, Tachycardic/ Hypoxic, and Mental/Oral/Hypoxic), were characterized by one to three instabilities at discharge, with varying rank orderings of indicators that stabilized. The Tachycardic/ Hypoxic cluster patients were characterized by tachycardia and hypoxia rarely controlled or controlled late in the hospitalization. The Mental/Oral/Hypoxic cluster was characterized by failures to return to baseline mental status, anorexia, hypoxia, and the highest 30-day mortality of those surviving to discharge (26.3 %). The final cluster (Inpatient Mortality) captured most of the patients who died in hospital with low rates of instability resolution except T and BP. This cluster was older and sicker than patients in the other clusters, and had the highest LOS and total cost. All but one of the patients in the Inpatient Mortality cluster died before discharge, capturing 69 % (n=31) of all in-hospital deaths (n=45), while the Hypoxic cluster had 16 % (n=7) of in-hospital deaths.
In regression-based models of associations between sequence clusters and outcomes, greater PSI score and inclusion in the Mental/Oral/Hypoxic cluster (with Stabilized Fast as reference cluster) were both associated with increased odds of 30-day mortality (all p<0.05) (see Table 4 ). The Febrile cluster was associated with shorter LOS, while the PSI score and the Stabilized Slow, Hypoxic, Mental/Oral/Hypoxic and Inpatient Mortality clusters were all associated with longer LOS (all p<0.05). PSI score, Stabilized Slow, Hypoxic, Mental/Oral/ Hypoxic, and Inpatient Mortality clusters were all associated with higher total costs, while only the Febrile cluster was associated with lower costs (all p<0.05). (Supplementary Figure S3 , online, plots mean 30-day mortality, mean LOS, and mean total hospital costs by time to maximum stabilization for each cluster.) DISCUSSION This is the first study to use tools of sequence analysis to characterize variations in temporal patterns in the resolution of CAP instabilities, and the first to detect associations between The stabilized "1st" column shows the indicators that were stabilized at the same, first, observation point during the hospitalization before discharge, and, if any, the indicators that remained unstable before discharge (lowercase and →). The following three columns show the indicators stabilized second, third, or fourth before discharge, along with indicators, if any, that remained unstable. The last two columns show how many (n, %) patients in the sample had each respective instability resolution pattern. For example, for pattern 15, six patients presented with BP, MS, and RR already stable, OI and O2 indicators were later observed to stabilize together, T was next observed to stabilize by itself, and these patients were discharged before HR could be stabilized. BP blood pressure; MS return to baseline mental status; OI ability to feed by oral intake; RR respiratory rate; T temperature; HR heart rate; O2 Blood oxygen saturation those variations and mortality, LOS, and total hospitalization costs. This study makes three main contributions to the literature. The first contribution is to show the vast heterogeneity in the sequences in which, whether, and the speed that instabilities resolved in a diverse sample of 1,326 patients across six geographically dispersed sites. The top five most common patterns totaled less than 6 % of all patients, and yet we were able to extract an "average" order of stabilization [BP-MS-OI-RR-T-HR-O2] that may be relevant to a "natural history" of disease regression in hospitalized CAP patients, although our study was not designed to test this further.
Our second contribution is to show that sequence analysis techniques can be used, despite sequence heterogeneity, to identify a smaller number of sequence clusters, or types. Our clusters were jointly characterized by a combination of differences in the number of instabilities that did not stabilize These are the average orders of stabilization for patients in each cluster, based on the average ranks of stabilization of each indicator within each cluster § Excludes University of New Mexico due to partial data unavailability by discharge, the specific instabilities that were or were not stabilized, and the sequence or speed with which instabilities stabilized. Moreover, these clusters have meaningful clinical interpretations. More generally, our analysis suggests potential to apply sequence analysis in other areas of clinical medicine in which the temporal trajectory or a portion thereof might be viewed as the analytical unit of analysis. For example, given the great interest in preventing unnecessary hospital readmissions, 30 ,31 sequence analysis of ambulatory and hospital use over time may generate important and novel hypotheses that could be tested in predictive models, such as whether particular patterns of ambulatory and emergency department visits predict hospitalization.
A final contribution of this study is that particular patterns of clinical instability resolution are associated with health and resource utilization outcomes. Several of the patterns that include unresolved instabilities on discharge do not appear to be deleterious to some patients, a finding that deserves additional study among different populations. Those in the Febrile, Tachycardic, and Tachycardic/Hypoxic clusters had 30-day mortality rates similar to those in the two Stable clusters, and therefore may be candidates for early discharge with resulting shorter LOS and lower hospitalization costs. On the other hand, hospital courses in which hypoxia alone, or where hypoxia is found in combination with oral intake insufficiency and altered mental status, were associated with higher levels of mortality, longer LOS, and higher levels of resource utilization. Some of these findings, such as the relatively favorable outcomes of patients discharged while still febrile, have a physiologic logic that may help explain them and justify further testing and possible inclusion in future practice guidelines. Our finding that patients in the Febrile cluster were discharged faster (LOS = 2.4 days) than those in other clusters could reflect physician clinical judgments that fever is less worrisome than other instabilities, evidenced by the 0.0 % mortality rates in that cluster. The lower mortality rates in the Tachycardic and Tachycardic/ Hypoxic clusters compared to those in the Stabilized Fast cluster (0.0 %, 2.7 %, 3.9 %, respectively) might similarly reflect tachycardia as an adaptive physiologic response. These results suggest that a shorter LOS is not necessarily associated with worse outcomes in CAP, which is not inconsistent with an older Medicare claims study reporting equivocal findings 32 or a later reanalysis of PORT data that demonstrated that reductions in LOS are possible without adverse effects on outcomes. 33 In contrast, hypoxia with failure to return to baseline mental status and oral intake deficits (i.e., those in the Mental/Oral/Hypoxic cluster) is associated with an almost four-fold increase in the likelihood of mortality relative to those in the Stabilized Fast cluster. Future work might be clinical trials in which patients are randomized to different care management arms that prioritize resolution of specific clinical instabilities to find an optimal balance between clinical stabilization, LOS, and costs. 34 Other studies might exploit our growing ability to use the electronic medical record in real time to automatically generate notifications of higher-risk sequencing of CAP clinical instability resolution.
A potential limitation of our sample is the exclusion of patients with a principal diagnosis of sepsis and a secondary pneumonia diagnosis, which has become more common in recent years. 35 However, at the time these data were collected, sepsis was a less common principal diagnosis among CAP patients, and while their inclusion might have changed our mortality rates somewhat, 36 the proportion of CAP patients coded in this way is still small. 37 Another potential limitation is that we were not able to account for the possibility that some indicators, once resolved, may subsequently destabilize before discharge, but we have not found literature about how often this may occur. Moreover, this so-called full-information approach to capture all parallel cycling of instability/stability for each indicator would necessitate the use of an even more complex type of sequence analysis, which has limitations of its own. Our definition of stability follows that used in the Pneumonia PORT study, which specified a 24-hour period of stability, 6, 26 while the 2001 American Thoracic Society (ATS) guidelines suggest that 8 h may be adequate, especially in the context of the decision to switch from intravenous to oral antibiotics. 7 Finally, cluster analysis methods have a limitation in that sequences near cluster boundaries may be similar to those in other clusters.
In sum, we used sequence analysis to describe sequences and characterize patterns of resolution of CAP instabilities in hospitalized patients and determined whether there are clinically important implications associated with these patterns. Some patterns do not appear to be deleterious to some patients in terms of 30-day mortality, and safe discharge with fever, tachycardia, or the combination of tachycardia and hypoxia may be possible for some patients with resulting shorter LOS and lower hospitalization costs. In our study, hospitalizations in which hypoxia or mental status instabilities are found in combination with other instabilities typically led to higher levels of mortality, longer LOS, and higher levels of resource utilization.
